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Abstract: Single photons are an important prerequisite for a broad
spectrum of quantum optical applications. We experimentally demon-
strate a heralded single-photon source based on spontaneous parametric
down-conversion in collinear bulk optics, and fiber-coupled bolometric
transition-edge sensors. Without correcting for background, losses, or
detection inefficiencies, we measure an overall heralding efficiency of 83 %.
By violating a Bell inequality, we confirm the single-photon character
and high-quality entanglement of our heralded single photons which, in
combination with the high heralding efficiency, are a necessary ingredient
for advanced quantum communication protocols such as one-sided device-
independent quantum key distribution.
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to copyright
OCIS codes: (040.3780) Low light level; (040.5570) Quantum detectors; (270.5585) Quantum
information and processing
References and links
1. J. G. Rarity, K. D. Ridley, and P. R. Tapster. Absolute measurement of detector quantum efficiency using para-
metric downconversion. Applied Optics, 26(21):4616–4619, November 1987.
2. P. G. Kwiat, A. M. Steinberg, R. Y. Chiao, P. H. Eberhard, and M. D. Petroff. Absolute efficiency and time-
response measurement of single-photon detectors. Applied Optics, 33(10):1844–1853, April 1994.
3. A. L. Migdall, R. U. Datla, A. Sergienko, J. S. Orszak, and Y. H. Shih. Absolute detector quantum-efficiency
measurements using correlated photons. Metrologia, 32(6):479–483, December 1995.
4. A. Avella, G. Brida, I. P. Degiovanni, M. Genovese, M. Gramegna, L. Lolli E. Monticone, C. Portesi, M. Rajteri,
M. L. Rastello, E. Taralli, P. Traina, and M. White. Self consistent, absolute calibration technique for photon
number resolving detectors. Opt. Express, 19(23):23249–23257, November 2011.
5. Nicolas Gisin, Gregoire Ribordy, Wolfgang Tittel, and Hugo Zbinden. Quantum cryptography. Reviews of
Modern Physics, 74(1):145, March 2002.
6. Valerio Scarani, Helle Bechmann-Pasquinucci, Nicolas J. Cerf, Miloslav Duscaronek, Norbert Lu¨tkenhaus, and
Momtchil Peev. The security of practical quantum key distribution. Reviews of Modern Physics, 81(3):1301,
2009.
7. Pan, Jian-Wei and Chen, Zeng-Bing and Lu, Chao-Yang and Weinfurter, Harald and Zeilinger, Anton and
˙Zukowski, Marek. Multiphoton entanglement and interferometry. Reviews of Modern Physics, 84(2):777, 2012.
8. Pieter Kok, W. J. Munro, Kae Nemoto, T. C. Ralph, Jonathan P. Dowling, and G. J. Milburn. Linear optical
quantum computing with photonic qubits. Reviews of Modern Physics, 79(1):135, January 2007.
9. T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe, and J. L. O’Brien. Quantum computers. Nature,
464(7285):45–53, March 2010.
10. T. B. Pittman, B. C. Jacobs, and J. D. Franson. Single photons on pseudodemand from stored parametric down-
conversion. Physical Review A, 66(4):042303, October 2002.
11. Evan Jeffrey, Nicholas A. Peters, and Paul G. Kwiat. Towards a periodic deterministic source of arbitrary single-
photon states. New Journal of Physics, 6:100–100, July 2004.
12. A. L. Migdall, D. Branning, and S. Castelletto. Tailoring single-photon and multiphoton probabilities of a single-
photon on-demand source. Physical Review A, 66(5):053805, November 2002.
13. Jeffrey H. Shapiro and Franco N. Wong. On-demand single-photon generation using a modular array of para-
metric downconverters with electro-optic polarization controls. Optics Letters, 32(18):2698–2700, 2007.
14. Robert Raussendorf, Daniel E. Browne, and Hans J. Briegel. Measurement-based quantum computation on
cluster states. Phys. Rev. A, 68:022312, Aug 2003.
15. Cyril Branciard, Eric G. Cavalcanti, Stephen P. Walborn, Valerio Scarani, and Howard M. Wiseman. One-sided
device-independent quantum key distribution: Security, feasibility, and the connection with steering. Physical
Review A, 85(1):010301, 2012.
16. Devin H. Smith, Geoff Gillett, Marcelo P. de Almeida, Cyril Branciard, Alessandro Fedrizzi, Till J. Weinhold,
Adriana Lita, Brice Calkins, Thomas Gerrits, Howard M. Wiseman, Sae Woo Nam, and Andrew G. White.
Conclusive quantum steering with superconducting transition-edge sensors. Nature Communications, 3:625,
January 2012.
17. Yong-gang Tang and Qiang Liu. Private communication.
18. F. Selleri and A. Zeilinger. Local deterministic description of Einstein-Podolsky-Rosen experiments. Foundations
of Physics, 18, 1988.
19. Paul G. Kwiat, Klaus Mattle, Harald Weinfurter, Anton Zeilinger, Alexander V. Sergienko, and Yanhua Shih. New
High-Intensity source of Polarization-Entangled photon pairs. Physical Review Letters, 75(24):4337, December
1995.
20. Taehyun Kim, Marco Fiorentino, and Franco N. C. Wong. Phase-stable source of polarization-entangled photons
using a polarization Sagnac interferometer. Physical Review A, 73(1):012316, January 2006.
21. Alessandro Fedrizzi, Thomas Herbst, Andreas Poppe, Thomas Jennewein, and Anton Zeilinger. A wavelength-
tunable fiber-coupled source of narrowband entangled photons. Optics Express, 15(23):15377–15386, 2007.
22. P. Trojek and H. Weinfurter. Collinear source of polarization-entangled photon pairs at nondegenerate wave-
lengths. Applied Physics Letters, 92(21):211103–211103–3, May 2008.
23. Christoph So¨ller, Offir Cohen, Brian J. Smith, Ian A. Walmsley, and Christine Silberhorn. High-performance
single-photon generation with commercial-grade optical fiber. Physical Review A, 83(3):031806, March 2011.
24. Bernhard Wittmann, Sven Ramelow, Fabian Steinlechner, Nathan K. Langford, Nicolas Brunner, Howard M.
Wiseman, Rupert Ursin, and Anton Zeilinger. Loophole-free Einstein-Podolsky-Rosen experiment via quantum
steering. New Journal of Physics, 14(5):053030, May 2012.
25. Adriana E. Lita, Aaron J. Miller, and Sae Woo Nam. Counting near-infrared single-photons with 95% efficiency.
Optics Express, 16(5):3032–3040, March 2008.
26. Ryan S. Bennink. Optimal collinear gaussian beams for spontaneous parametric down-conversion. Physical
Review A, 81(5):053805, 2010.
27. Daiji Fukuda, Go Fujii, Takayuki Numata, Kuniaki Amemiya, Akio Yoshizawa, Hidemi Tsuchida, Hidetoshi
Fujino, Hiroyuki Ishii, Taro Itatani, Shuichiro Inoue, and Tatsuya Zama Titanium-based transition-edge photon
number resolving detector with 98% detection efficiency with index-matched small-gap fiber coupling. Optics
Express, 19(2):870–875, January 2011.
28. K. D. Irwin An application of electrothermal feedback for high resolution cryogenic particle detection Applied
Physics Letters, 66(15):1998-2000, 1995.
29. Aaron J. Miller, Adriana E. Lita, Brice Calkins, Igor Vayshenker, Steven M. Gruber, and Sae Woo Nam. Compact
cryogenic self-aligning fiber-to-detector coupling with losses below one percent. Opt. Express, 19(10):9102–
9110, May 2011.
30. D. Drung, C. Assmann, J. Beyer, A. Kirste, M. Peters, F. Ruede, and T. Schurig. Highly sensitive and easy-to-use
SQUID sensors. IEEE Transactions on Applied Superconductivity, 17:699–704, 2007.
31. Danna Rosenberg, Adriana E. Lita, Aaron J. Miller, and Sae Woo Nam. Noise-free high-efficiency photon-
number-resolving detectors. Physical Review A, 71(6):061803, June 2005.
32. M. Giustina et. al. in preparation.
33. John F. Clauser, Michael A. Horne, Abner Shimony, and Richard A. Holt. Proposed experiment to test local
hidden-variable theories. Phys. Rev. Lett., 23:880–884, Oct 1969.
Fig. 1. Heralded single-photon source based on correlated photon pairs. Such sources are
a prerequisite to a multitude of quantum optical experiments. In an ideal single-photon
source, a photon detected in the heralding arm indicates a partner photon in the signal arm.
1. Introduction
The controlled and deterministic generation of single-photon states and correlated pairs remains
a challenge particularly crucial to a wide variety of emerging optical quantum technologies in-
cluding metrology [1, 2, 3], quantum communication [5, 6, 7] and optical quantum computing
[8, 9], to name just a few. Although they are not inherently deterministic, highly efficient her-
alded single-photon sources are relevant to this problem. By combining such a heralded source
with a photon memory that can store and release photons in a controlled way [10, 11] or by
multiplexing several heralded sources and using feed-forward and fast switching to select a
channel that contains a single photon [12, 13], it is possible to construct an on-demand single-
(and by extension, multi-) photon source. Such a source could be an important ingredient for
post-selection-free multi-photon one-way quantum computation [14]. Even without these ex-
tensions, a highly efficient heralded photon source would be valuable. For example, the intrinsi-
cally secure one-sided device-independent quantum key distribution protocol requires sources
of entangled photons with heralding efficiencies (including detection) of at least 66 % [15],
which have not yet been demonstrated [16]. In addition, such high coupling efficiency marks
an important step toward a loophole-free Bell test as it is relevant not only to the fair-sampling
loophole but also to the freedom-of-choice loophole [17, 18]. Furthermore, any source that
heralds the arrival of a known photon number and energy is also useful for coincidence-based
detector calibration [1, 2, 3, 4], which promises to overcome the precision limitations of power
and attenuation measurements that presently dominate the calibration process for single-photon
detectors.
An ideal heralded photon source should provide a heralding signal that indicates the presence
of exactly one photon, preferably in a fiber. Over the past decades, spontaneous parametric
down-conversion (SPDC) has proven to be a robust, well-understood, and reliable method for
generating time-correlated photon pairs that may be split into two spatial modes. SPDC is a
promising candidate for high-quality heralded single-photon sources where the detection of a
photon in one mode (the heralding or idler mode) indicates a photon in the other (signal mode).
Moreover, producing polarization entanglement based on SPDC has been demonstrated with
high quality and flexibility, which suggests that such heralding sources are readily extendible to
the quantum applications listed above [19, 20, 21]. Although fiber coupling demands additional
precision in the construction of the source, it substantially improves versatility; furthermore the
mode selection achieved by the fiber can enhance the heralding efficiency.
In practice, no source is truly ideal and any source may be subject to a “missing-photon er-
ror,” such that a heralding signal is issued but no photon is present in the signal mode. This
may result from background in the heralding signal or photon loss in the source or signal mode,
for instance from imperfect optical elements or fiber coupling. Note that to “directly observe”
a given heralding efficiency value, that is, to measure it without correction for detector ineffi-
ciencies, it is necessary to utilize a detector which itself is at least as efficient as this value.
Due to missing-photon errors and the low efficiency of the industry-standard silicon
Fig. 2. Experimental setup: The photon pair source is based on a 10 mm long ppKTP
crystal pumped by a 405 nm diode laser in a Sagnac configuration [21] with a polarizing
beam splitter (PBS). Waveplates (WPs) are used to tune the pump polarization. The pump
beam is carefully shaped and focussed by two lenses (L1, L2) and split from the down-
converted photon with a dichroic mirror (DM). Cut-off filters (CFs) are used to filter out
the remaining 405 nm light and a narrowband interference filter (IF) in the heralding arm
further suppresses any photons not originating from the down-conversion. The photon pairs
are coupled into optical fibers (HP780, SMF28) that carry them into the dilution refrigerator
where they are directly coupled to the TES detectors with their SQUID amplifiers (TES1,
TES2) which are held at around 25 mK. The TES output signals are discriminated using
threshold discrimination and are counted and analyzed by our coincidence electronics.
avalanche photodiodes (APDs), the highest reported directly observed heralding values (with-
out correction for detector inefficiencies) have until recently been in the range between 30 %
and 50 % for wavelengths between 600 nm and 850 nm [22, 23, 24]. However, the recent advent
of superconducting bolometric detectors suggests the impending reality of near-unity heralding
efficiency, and, utilizing this technology, total heralding efficiencies of up to 62 % have al-
ready been observed [16]. Here, we combine the nearly-perfect detection efficiency offered by
transition-edge sensors (TES) [25] with the ultra-high coupling efficiency of our fiber-coupled
photon pair source based on SPDC in a bulk crystal; we achieve a source in which up to 83 %
heralding efficiency has been observed. In addition, when using polarization-entangled photon
pairs we record the only slightly reduced heralding value of 80 %. (Note that the efficiencies re-
ported here have been measured directly, without correction for dark counts, accidental counts,
inefficient detection, or known optical losses.) To our knowledge, these values are the highest
directly observed heralding efficiencies. We analyze the origin of the remaining losses in our
system; this analysis confirms the nearly-perfect efficiency of the TES detectors and indicates
that it may be feasible to observe heralding values close to 100 % with the presented technology
based on bulk-crystal down-conversion and TES detectors.
2. Experiment
Our source of (entangled) photon pairs (see Fig.2) is based on SPDC in a periodically poled
potassium titanyl phosphate (ppKTP) crystal with a poling period of around 10 µm for the
type-II quasi-phase-matched creation of photon pairs at 810 nm with a 405 nm pump diode
laser – the design is described in detail in [20, 21]. The crystal can be pumped bi-directionally
in a Sagnac-type configuration to produce polarization entanglement. Pumping the crystal in
only one direction creates a polarization product state. The emitted photon pairs are split, with
each photon entering one of two (separate) single mode (SM) fibers.
Any photon detected in the heralding arm announces (heralds) the presence of a photon in the
signal arm. To reach a high heralding efficiency it is crucial to detect in the heralding arm only
photons from the SPDC process, while simultaneously minimizing losses in the signal arm.
This is achieved in our setup by a number of steps. Tight spectral filtering of the heralding arm,
accomplished with a cut-off filter to block pump photons (longpass filter with cutoff around
650 nm) and a 1 nm bandpass filter centered at the down-converted wavelength, ensures that
only photons directly emitted by the SPDC process (intrinsic bandwidth ≈ 0.5 nm FWHM)
are coupled to the heralding arm. The inevitable loss introduced by this spectral filtering does
not reduce the heralding efficiency, which depends on the transmission in the signal arm. The
signal arm is filtered only with a cut-off filter (as used in the heralding arm) to suppress the
pump light, which introduced a loss of around 2 % for 810 nm. In addition, we optimize the
focusing parameters and spatial shaping of the pump beam and heralding arm to maximize
the heralding efficiency [21, 26]. By coupling to a standard single-mode fiber (HP780) in the
heralding arm, but to a standard telecom fiber (SMF-28) – which carries two TEM modes of
810 nm light – in the signal arm, the heralding efficiency can be further increased. The fiber tips
were anti-reflection (AR) coated for 810 nm to minimize reflection losses in the fiber coupling.
Photon detection is accomplished in our experiment with transition-edge sensors (TES),
which in recent years have attracted considerable attention as highly efficient single-photon
counters [25, 27]. For detecting photons in the visible and near-infrared regime, a 25 µm square
of tungsten thin film, cooled to well within the superconducting state and voltage-biased to
well within the superconducting transition, serves as both absorber and thermometer in this
bolometric-style detector [28]. Any photon absorbed by the tungsten will heat it and manifest
an increase in resistance, which in turn yields a proportional current drop though the voltage-
biased device on the order of 50 nA. Then the heat dissipates through a weak thermal link to
the base temperature, and the detector returns to its original resistance. Although the TES film
itself has a thickness of only 20 nm, embedding the TES in a wavelength-specific optical cavity
yields detectors with peak efficiencies of at least 95 % for the selected wavelength [25, 29].
Note that this value includes losses in coupling from an AR-coated SMF-28 fiber to the TES
chip, which is accomplished by a packaging process detailed in [29].
The TES is operated in series with an input coil that is inductively coupled to a superconduct-
ing quantum interference device (SQUID) for readout [30]. The signal spike from an incident
photon enters the SQUID as a changing flux and may be read out as a voltage. In the relevant
bandwidth of our electrical measurements (up to 1 MHz) the SQUID’s input-referred current
noise is less than 25 % of that of the TES output current, so the TES itself dominates the noise
of the system. Photons were distilled from the analog electrical output signal according to the
following procedure. Individual photon spikes were identified and converted to TTL pulses
using a leading-edge discriminator. We set the threshold of this discriminator to a value that
registered a reasonable count rate of 810 nm photons but also minimized the dark count rate
when the source was blocked. Although TES detectors have no intrinsic dark counts, and only
a real energy signal will create a current pulse, a non-zero background level may be registered
by the presence of background light in the experimental setup [31]. Even thermal blackbody
radiation or infrared photons may be seen by a TES optimized for use in the visible regime, and
if the threshold level is set too close to zero, such a thresholding counting method may lead to
increased background counts.
To avoid re-triggering and thereby mistakenly counting a non-existent second photon in the
noise of the recovering edge of the first, we implemented a “deadtime” by using TTL pulses
sufficiently long to “re-arm” the discriminator only after the signal’s recovery. Thereafter we
counted coincidences using an analog logic module that registered a coincidence for each over-
lap of greater than 3 ns between the TTL pulses of the two channels. Thus the effective coin-
cidence window is defined as the sum of the TTL pulse lengths for the two channels, which in
Fig. 3. Photon signals and processed data from transition-edge sensor single-photon de-
tectors. (a) A typical signal from a detector with four photons and different possible thresh-
olds indicated. The top threshold detects only three of the four photons, the middle thresh-
old counts five (one from the wiggle in the recovering edge) and the bottom threshold
detects the correct four photons. (b) A “pulse height distribution,” indicating how clearly it
is possible to separate the photon signals from the noise by thresholding. (c) Coincidence
count rates vs. delay between the two channels. The actual data is plotted in blue with a
Gaussian fit in red. Asymmetry is attributed to uneven detector jitter.
our case was 1.05 µs: 1 µs for the heralding arm and 0.05 µs for the signal arm. Each coin-
cidence was represented by yet another TTL pulse from the logic module, and all three TTL
channels were counted with a standard counter connected to a PC, which allowed us to monitor
the heralding efficiency in real time.
As an alternative to analog discriminators and logic modules, we also digitized and recorded
data for post-processing using a data acquisition board. Post-processing facilitates more com-
plicated counting algorithms and finer control over the coincidence window. These algorithms
also enable the recovery of photons lost by the analog counting method. More information on
post-processing will be detailed in a subsequent paper [32]; more information on the correction
of so-called “accidental coincidences” may be found in the appendix.
3. Results
We tuned the pump power to a level that produced a photon rate suitable for the detectors and
pumped the source in only one direction (creating a polarization product state). With the source
in this condition, we measured the singles and coincidences for 100 seconds with our analog
electronics and digitized 40 seconds of data for post-processing. The results are summarized in
Table 1. The raw ratio between heralding counts and directly observed coincidences is 83.1 %±
0.2 %. This represents an unprecedented value for uncorrected heralding efficiency.
signal arm heralding arm coincidences
analog-processed counts 46855 ± 22 s−1 6525 ± 8 s−1 5419 ± 7 s−1
analog arm efficiency 83.0% ± 0.2% 11.57% ± 0.02%
acc.-corrected efficiency 82.0% ± 0.3% 11.39% ± 0.03%
post-processed counts 49882 ± 35 s−1 7696 ± 14 s−1 6303 ± 13 s−1
Table 1. Tabulated experimental results from both the analog electronics counting method
and the post-processing for 100 seconds and 40 seconds of data respectively. The lower
efficiency in the second arm is a consequence of the higher loss caused by the limited
transmission efficiency of the narrow bandpass filter as well as a high rate of background
photons in the signal arm not rejected by the cut-off filters. The post-processing method
can recover counts not registered by the analog method. The one standard deviation errors
are determined by Poissonian counting statistics and error propagation.
When determining the heralding efficiency as the ratio of the measured coincidence and
single count rates, it is necessary to account for a systematic error known as “accidental coin-
cidences.” An accidental coincidence occurs each time two photons that did not originate from
the same pair are detected within a coincidence window and are thus counted as a coincidence.
If left uncorrected, this effect would lead to an over-estimation of the actual heralding effi-
ciency. Using the formulas explained in the appendix, we find a systematic error for the herald-
ing efficiency of 1.0± 0.1 % which leads to a corrected heralding efficiency of 82.0± 0.3 %.
Post-processing, which allows us to choose our coincidence window and includes accidental
correction by a method similar to that described in the appendix, yields the heralding value of
81.9% ± 0.2 % for the same coincidence window of 1.05 µs, which agrees very well with the
directly observed data. We also measured a combined jitter of approximately 155 ns FWHM
for the two detectors, which determines an upper limit on the timing precision with which we
herald our photons. Note that this could be further improved, without affecting the heralding
efficiency, by replacing the heralding detector with a low-jitter detector.
The system detection efficiency of the TES is expected to be close to unity [25]. In our exper-
iment, the following losses contribute to the reduction of the heralding efficiency from 100 %.
The estimated total optical losses in the source sum to around 6 % [21]. Additionally, there
are losses due to fiber coupling; using standard silicon APDs to compare the heralding ratios
between large core diameter fibers (multimode, 50 µm) and the SMF-28 fiber used in the exper-
iment, we concluded that the loss introduced by the fiber coupling is around 10 %. Combining
these estimations with the measured and accidental-corrected heralding efficiency of 82 %, we
find that the system efficiency of the TES (including fiber splices, interface between fiber and
detector, and quantum efficiency of the absorptive area of the TES) is with high certainty above
95% [25]. This represents the first verification of the transition-edge sensor’s near-unity detec-
tion efficiency using a method based on the quantum nature of light and thus differing from the
standard approaches based on power measurements and calibrated attenuation.
Entanglement is a necessary ingredient in the system if one wants to prepare heralded single
photons in a remotely chosen basis or utilize the high heralding efficiency for one-sided device-
independent QKD [16]. To generate entanglement in our source, we pumped it in both direc-
tions to produce a nearly maximally-entangled state [21]. In this state, the directly-measured
heralding efficiency decreased to 79.7%± 0.2 %. We believe the reduction is mainly a con-
sequence of imperfect overlap between the two pump directions when the source is pumped
bi-directionally. To verify a high degree of entanglement we tested a CHSH inequality [33]. For
the necessary polarization measurements we inserted plate polarizers with an additional loss of
around 15 % and measured the polarization correlations for all necessary setting combinations
for the CHSH inequality, integrating for 10 s per setting. This resulted in a Bell parameter of
S = 2.51± 0.01 which is more than 50 standard deviations above the classical bound of 2 and
shows a high fidelity of the entangled state. Note that the presence of entanglement confirms
the single-photon nature of our source.
4. Conclusion and Outlook
In conclusion, using TES detectors we demonstrated a heralded single-photon source with an
unprecedented high efficiency in bulk optics, achieving a single-photon heralding efficiency of
83 % with no correction for background, detection efficiency or other losses. Moreover, it was
possible to produce heralded entangled photons, useful for one-sided device-independent QKD,
with only minimal decrease in efficiency.
To compensate for the systematic accidental coincidences which would otherwise lead to an
overestimation of heralding efficiency, we developed an extended accidental correction model.
This takes into account the very high coupling efficiencies, which are typically assumed to be
small to justify neglecting several terms in the expression quantifying the expected accidentals.
Moreover, we would like to point out that our source facilitated the use of heralded single
photons to infer a system detection efficiency of over 95 % for a TES detector. It is important to
note that for a detector-calibration method such as this, which is based on correlated photons,
the accuracy of the measurement improves with the heralding ratio.
Finally, we note that while very promising fiber-based realizations of heralded single-photon
sources have already been demonstrated [23], our results indicate that with further optimization
of losses and focusing conditions, it should be possible to reach near-unity heralding efficiencies
in a bulk-optics configuration.
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6. Appendix
6.1. Accidental effects
For determining the systematic effects of accidental coincidences a careful analysis is required.
Accidental coincidences occur when two photons that are not from the same pair are detected
and counted as a real coincidence. Their rate depends on the length of the coincidence window
τw, the rate of produced pairs R0, and the two total arm efficiencies η1 and η2.
Assuming dark counts are negligible, the two singles rates (total rate of detected clicks per
detector) for each arm S1 and S2 are given by:
S1 = R0η1 (1)
S2 = R0η2. (2)
If the detectors have a dead-time τd (time interval after a detection event in which the de-
tectors are blind) this will create a saturation effect which, for dead-times much smaller then
the inverse detection rates, leads to singles rates given by the following:
S1 = R0η1(1− S1τd) (3)
S2 = R0η2(1− S2τd). (4)
These can be derived by the following argument: for any detected photon (detected at a rate
S) there is a probability of Sτd that a second photon appears within τd after the detection of
the first. Such a photon would be lost because of the blind detector. Therefore, the rate of lost
detections is S2τd , or equivalently a correction factor of (1− Sτd) must be used. Note that, in
general, there can be different dead-times for the two detectors.
A coincidence is defined as the detection of two photons, one in each arm, separated by a time
difference of less than half the given coincidence window, i.e., with a time difference between
−τw/2 and +τw/2 (resulting in a full window of τw). With negligible accidental coincidences
(e.g., in the limit of very small pair-creation probabilities per coincidence window) one would
detect the following (unmodified) rate of coincidences CC0:
CC0 = R0η1η2. (5)
However, as described above, sometimes two (unrelated) pairs are accidentally created so
close to each other that photons from different pairs may be detected as a coincidence. These
are generally called accidental coincidences. Note that in most cw photon-pair source imple-
mentations, the coherence time of the produced photons will be much shorter (order of picosec-
onds) than the coincidence window. Thus for cw down-conversion, higher order contributions
(genuine multi-pair emission) are typically negligible.
There are now two possibilities by which accidental coincidences may occur. First, the first
photon of the accidental coincidence is detected in arm 1, while its partner photon in arm 2 is
lost – this happens with a rate of R0η1(1−η2). In order to lead to an accidental coincidence
a second pair needs to be created within half the coincidence window after the detection of
the first photon, which happens with a probability of R0 · τw/2. To cause a coincidence, the
photon in arm 2 must be detected, which happens with efficiency η2. Importantly, the rate of
coincidences is increased only if this second pair would not have otherwise been detected as a
coincidence on its own, meaning that its partner photon in arm 1 must not have been detected.
The probability for this is given by (1−η1). Collecting all the terms, the rate R10 by which the
detected coincidences are increased for this case is given by:
R10 =
1
2
R20τwη1(1−η2)η2(1−η1). (6)
In the same way one can derive the rate increase R01 caused by the second possibility – where
the first photon of the accidental coincidence is detected in arm 2, while its partner is not
detected in arm 1, and simultaneously a photon in arm 1 is detected from a second pair that is
created within half a coincidence window after the detection of the first photon and would not
have been detected as a coincidence on its own:
R01 =
1
2
R20τwη2(1−η1)η1(1−η2). (7)
R10 and R01 are actually the same, as one would expect, since only the time ordering of the
respective events is reversed and this does not change their probability. However, dividing the
cases into these two distinct possibilities makes the logic of the argument easier to follow.
There is also an effect that reduces the number of detected coincidences. This is a saturation
effect that also depends on how exactly the coincidence logic is technically implemented. A
commonly used method is to create a pulse or bin with a length of half the coincidence window
for each of the detector channels. A coincidence is then counted for each overlap of pulses from
the two different channels – i.e., when the two detection events happen with a time difference
between −τw/2 and +τw/2. When two pairs are created within a time span of τw/2 and both
photons of the first pair are detected (which happens with a rate of R0η1η2), the second pair
(which occurs with probability R0τw/2 and is detected with probability η1η2) cannot be de-
tected as a coincidence anymore. This is similar to the dead-time effect for the singles rate. The
rate of coincidences is therefore reduced by the number of events that would have been detected
without this effect. This reduction of coincidences is given by:
R11 =−
1
2
τwR20η21 η22 . (8)
If the pulse or bin lengths for the two arms are different, the longer of the two (τmax) will be
the effective dead-time instead of τw/2. Importantly, if the intrinsic dead-time of the detectors
is greater than τmax or τw/2 then τd must be used for R11 instead of τmax or τw/2.
Taking now all three contributions (R10, R01 and R11) into account, the rate of observed
coincidences CC =CC0 +R10 +R01 +R11 is given by:
CC = R0η1η2 +τwR20η1η2(1−η1)(1−η2) (9)
−
1
2 τwR
2
0η21 η22 ,
or more compactly written:
CC =CC0(1+ τwR0(1−η1)(1−η2)−
1
2
τwR0η1η2), (10)
and if the pulse lengths differ between the two arms,
CC =CC0(1+ τwR0(1−η1)(1−η2)− τmaxR0η1η2). (11)
The last equation and the two equations for the singles rates S1 and S2 form a set of three
equations for the three unknown quantities η1, η2 and R0. These can be determined by solving
this set of equations given the experimental parameters (the τ’s) and measured rates S1 and S2
to yield the accidental (and dead-time) corrected values for η1 and η2. The general full solu-
tions for these are rather long formulas, however these can be easily handled by mathematics
software.
Using the measured rates of S1 = 46855.2 s−1, S2 = 6525.0 s−1, and CC = 5418.8 s−1, as
well as τw = 1.05 µs and τmax = 1 µs, yields the accidental corrected value of 82.0%± 0.3%
for η1.
